For an accurate and reliable prediction of the thrust value of a ventilation system for a highway road tunnel, it is necessary to evaluate the losses due to the presence of vehicles. Typically the vehicles losses were evaluated by semi empirical formula based on additively principle, i.e. the traffic jam losses are equal to the sum of each vehicle losses corrected by means empirical coefficient. The aim of this paper is compare results carried out by the 3-D CFD model, with those obtained by the semi-empirical correlation, provided in literature. Several traffic jam conditions for a fixed tunnel geometry and average air velocity have to be considered in order to evaluate the influence of the Filling Percentage Traffic (FPT) of the tunnel on required ventilation thrust from point of view of energy saving.
INTRODUCTION
The determination of losses due to traffic jam in the road tunnel is a fundamental information that allows to design more accurately ventilation systems both in ordinary and emergency service; this knowledge allows to estimate both the number and size of jet fan and their position (equally spaced or all at entrance portal). Moreover, the correct estimation of losses is also fundamental in case of fire in order to determine the minimum thrust (i.e. minimum air velocity) as function of Filling Percentage Traffic (FPT) for tunnel in order to avoid the back-layering phenomena of smoke.
Unfortunately, the lack of information, concerning the accurate estimation of pressure drop due to the traffic congestions, forces designers to use one dimensional equation based on sum of losses due to single vehicle corrected empirically by a constant to take into account the shadow effect. This does not allow to evaluate accurately the drag forces due to column of cars and, consequently, the designers could fail in the determination of thrust value required for ventilation.
The CFD analysis, in absence of full scale experiment, allows the evaluation of the required thrust for the ventilation more accurately than the semi-empirical formula. In fact, CFD analysis can take into account: shape of tunnel, number of cars, their dispositions (two or more lines), arrangement of jet fans and statistical typology of traffic (ratio between cars and trucks) and, moreover, it was be able to manage complex boundary conditions. In this regard, Eftekharian et al. [1] investigated the ventilation effectiveness of the Banana jet fan and the traditional straight jet fan. The authors compared the jet fans performance in exhausting the vehicle emissions in severe traffic condition from the tunnel, obtaining the best performance of the innovative ventilation system regarding the local concentration of CO near the human breathing zone of the tunnel. Numerical comparisons of performance of these jet fans with and without traffic jam condition for a tiled tunnel were carried out by Betta et al. [2] and Musto et al. [3, 4] . Wang et al. [5] investigated on the optimal pitch angle to reduce the drag coefficient for curved tunnels, vehicles space [6] and radius of tunnel curvature value [7] .
Eftekharian et al. [8] provided estimation of drag force related to the presence of vehicles inside the tunnel under traffic jam. Authors investigated several tunnels length under different traffic conditions by CFD model, they provided a new correlation for tunnel pressure drop as a function of average air velocity and tunnel length when air velocity profile was imposed at entrance of the tunnel.
Actually, for a correct evaluation of jet fan thrust, the arrangement of jet fans, presence obstructions in road tunnel (disturbing the jet fan profile) and percentage of the traffic jam have to take in to account, this implies that the semi-empirical formulas are limited in its use. . The aim of this paper is to compare results carried out by the 3-D CFD model carried out for different percentage traffic jam and realistic ventilation system (equally spaced), with those obtained by the semiempirical correlation, provided in literature [9] , based on principle of additively i.e. the traffic jam losses are equal to
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Thrust in Road Tunnel the sum of each vehicle losses (theoretical model). The CFD was applied to several traffic jam conditions, fixing the tunnel geometry and the air average velocity to evaluate the influence of FPT highlighting the main reasons because semi-empirical formula fails.
ONE-DIMENSIONAL MODEL FOR VENTILATION SYSTEM DESIGN
Normally, to design ventilation systems, one-dimensional equations were used as shown in the Eq (1) . The model provides the total pressure drop due to the traffic and the friction losses in the tunnel, generally was used:
with:
-pressure drop due to the vehicles was expressed by Eq(2), valid both for vehicles direction :
where nj is the number of jet-fans, k takes into account the shadow effect of vehicles, Ni is the amount of a particular vehicle type; Ai is the vehicle cross section; subscripts 1-3 denote the cross section of cars, vans and trucks, respectively. CD is the vehicle drag coefficient; the + sign denotes the vehicle that flows in same direction of air ventilation; the -sign denotes the vehicle that flows in opposite direction of air;  is the air density; ut and uv are the tunnel average air and vehicle velocities, respectively. For one-directional tunnel and traffic jam conditions, the Eq(2) becomes:
For longitudinal ventilation system, the drag coefficients CDi of vehicles are fixed equal to 1 (because the flow direction is from back to front of them, [8] ). The cross section of vehicles was assumed equal to 2, 4 and 7 m 2 for cars, vans and trucks, respectively. Moreover, the shadow coefficient, k, was assumed equal to 0.7 [9] . The Eq(3) can be particularized as:
The Eq(4) allows evaluating losses due to the presence of vehicles in the tunnel.
-pressure drop due to the friction in the tunnel:
where K is a constant that depends on portal section types, it normally ranges between 0.6 and 2.0; uwind-x is the axial wind velocity (component parallel to tunnel direction).
-pressure losses due to the portal tunnel:
with constant that depends on geometry of portal and flow direction (inflow or outflow).
MODEL DESCRIPTION AND NUMERICAL APPROACH

Model description
The considered system is represented by a one directional road tunnel model consisting in 800 m length (109 DH, with hydraulic diameter DH=7.3 m), with traffic flow unidirectional and equipped with longitudinal ventilation. The cross section of the tunnel was compliant with ANAS 505(1) standard. The ventilation system used consists of four jet fans, with cross section equal to 0.396 m 2 , and installed in line, all positioned at 5.60 m above the ground (as reported in the Figure 1) . The thrust of jet fans and their spacing were chosen to guarantee that the local velocity value, in optimized system ventilation without fire, tends to the designed velocity value in the proximity of the subsequent inlet jet fan section [2] . The number and diameter of the fans were chosen to achieve a given average air speed in gallery, fixed equal to 3 ms -1 , as required PIARC committee [10] . Each fan is provided with cylindrical silencers that, in addition to reducing the sound level, help to keep closed the air flow output. 
Numerical approach: governing equations
The governing equations of the fluid region for threedimensional flux are time Averaged mass Navier Stokes in both steady and turbulent states [11] . The Navier Stokes equations are combined with k-realizable model. Transport equations of k-realizable model are reported in Eqs(7) and Eq(8):
The turbulent dynamic viscosity, t, is predicted from the knowledge of both the turbulent kinetic energy k, and the turbulent kinetic energy dissipation rate, . The transport equations for k and  are formulated using the Realizable k- model. They can be derived from Navier-Stokes equations, but the constants in  equation are derived using Realizable theory, as suggested in [11] .
Hypotheses and boundary conditions
Hypotheses
In this CFD analysis the following hypotheses are imposed: -the swirl component due to the air flux passage through the fan wheel is neglected; -vehicle (car and truck) resistance coefficients (CD) are fixed equal to 1, since vehicles were modeled as blocks in the wind tunnel (when the flow direction is from back to front of them, is almost independent of the type of car, [1] );
-the distance between two subsequent vehicles is equal to 2 m; vehicles traffic is composed of 12% of trucks and of 88% of cars: it is set in two-lines; -vehicle dimensions are summarized in the Table 1 : the car and truck sections area are equal to 2.0 m 2 and 7.0 m 2 respectively; -in the traffic jam configuration, the vehicles were modeled as solid blocks (parallelepiped shape); -average air velocity is equal to 3 ms -1 . Table 1 . Vehicle dimensions
Boundary conditions
-air properties, considered as an ideal gas, are assumed constant with the temperature and evaluated at the ambient temperature; -air temperature is assumed equal to 288 K; -p is considered as function of FTP; -the values of tunnel ceiling and floor roughness are equal to 0.03 m and 0.01 m respectively; -the value of car and truck roughness is equal to 0.01 m; -turbulent model: k- realizable.
Mesh analysis
The jet fans was discretized by means hexahedral of 0.2 m height with triangular base of 0.1 m, instead for the tunnel a hexahedral and tetrahedral discretization was used, as shown in Figure 2 . In Table 2 
CFD SIMULATION AND RESULTS
The CFD simulation was conducted for different Filling Percentage of the tunnel Traffic (0 to 100% by 10% step); vehicle traffic was composed by 12% of trucks and 88% of cars. The traffic distribution in a random configuration was reported in Figure 1 . The authors have investigated the losses due to the presence of vehicles in different traffic conditions: from empty tunnel to 100 % tunnel filled by 10% step (20 cars and 2 trucks). The additional thrust required to balance the losses due to vehicles was evaluated by Eq(9):
L=LT -LRT (9) where LT is the thrust required in the case of tunnel with traffic and LRT considers the case of empty tunnel. The Table 3 and the Figure 4 summarize the CFD results and compare them with those provided by semi-empirical formula. The results shows that the semi-empirical formula underestimates the pressure losses with respect to CFD up to 70% of FPT value; the opposite happens for FPT value greater than 70%. The underestimation of the pressure losses is probably due to the fact that semi-empirical formula does not take into account properly the presence of jet fans. In fact, the velocity of the air accelerated by jet fan is greater in proximity of ceiling than in lower zone near the vehicles. Furthermore the semi-empirical formula does not take into account the "air ducting" effect due to queuing of vehicles. In particular, the air ducting effect consists in "preferential" channel which is generated above the vehicle, through which the airflow passes without suffering the effects backside of vehicles; this causes mainly friction on the roof of the vehicles than on lateral vehicle surface. Figure 5 shows tunnel velocity field on plane passing on symmetry section of vehicles; one notes that the velocity of the air accelerated by jet fan in presence of traffic causes the ducting effect. In fact, due to the longitudinal ventilation systems, the velocity of the air is greater in proximity of the ceiling than of the floor.
As shown in the Figure 6 , the high pressure field occurs on roof of truck and depends also on the relative position between truck and jet fan. The Figures 7 and 8 show the pressure fields on a single car in empty tunnel and in traffic jam conditions. One notes that in the first case the pressure is higher on back and lateral side of vehicle, in the second case the pressure is higher on roof. 
CONCLUSIONS
The CFD technique has been applied to model several traffic jam conditions fixing the tunnel geometry and the average axial velocity (equal to 3 ms -1 ). The authors have evaluated the influence of Filling Percentage Traffic (FPT) of the tunnel in presence of longitudinal ventilation system. The simulations have highlighted that the semi-empirical relation based on principle of additively tends to underestimate losses for FPT less than 70%, and overestimate for FPT greater than 70%. The semi-empirical correlation fails for two mainly aspect: i) do not take into account the actual ventilation systems and ii) it does not evaluate properly the ducting effect due to the queuing of vehicles. 
